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TWO-STREAM INSTABILITY IN GRAVITATING 
PLASMAS WITH MAGNETIC FIELD AND ROTATION 

by 

S. P. Talwar 

Goddard Space Flight Center 


SUMMARY 

The problem of instability in contrastreaming streams of 
plasma or self -gravitating gas clouds is investigated for general 
propagation direction, using moment equations. A uniform rota- 
tion is also included in view of its astrophysical importance. Con- 
ditions for instability (monotonic or growing wave) are derived. It 
is found that the classical Jeans wavelength for fragmentation of 
interstellar medium is considerably diminished due to inter- 
streaming speeds. For a non- gravitating plasma it is concluded 
that perturbations propagating normal to the interstreaming 
direction lead to a monotonic instability. Though characterized 
by a small growth rate, it should be possible to observe this in- 
stability in laboratory plasmas if dimensions are suitably chosen 
to eliminate the conventional electrostatic two- stream instability. 
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TWO-STREAM INSTABILITY IN GRAVITATING 
PLASMAS WITH MAGNETIC FIELD AND ROTATION 

by 

S. P. Talwar* 

Goddard Space Flight Center 


INTRODUCTION 

Contrastreaming plasmas are a common occurrence in nature, for example, in colliding gal- 
axies, plasma streams from M-regions, and solar flares in the background solar wind. This makes 
the investigation of the possibility of excitation of stable or unstable oscillations due to collective 
interactions in contrastreaming plasmas an important question. Various investigations of the two- 
stream instability in collisionless plasmas, both cold and warm, have been reported (for example, 
Haeff, Pierce, Kahn, Parker, Buneman, and Jackson (References 1 through 6)), but they have been 
restricted to electrostatic perturbations in non- gravitating plasmas. The electrostatic instability 
arises due to electrostatic interactions arising from a charge separation produced by wave prop- 
agation along the streaming direction so that the magnetic field remains unperturbed. In general, 
the system is subject to a perturbation propagating at any angle to the streaming motion. It is of 
interest, therefore, to explore whether electromagnetic interactions due to a perturbed magnetic 
field can lead to an instability in contrastreaming plasmas. Again in astrophysical situations 
(e.g., interpenetrating star streams) the streams are self- gravitating and endowed with a large- 
scale galactic rotation. The two problems (namely contrastreaming instability in collisionless 
plasmas and stellar streams) are essentially alike except for the important difference that gravi- 
tational interactions are always attractive (as against attractive and repulsive forces in charges 
constituting a plasma), and that the self- gravitational field is not neutralized as in an ionized gas 
which is electrically neutral. It may be mentioned that cooperative phenomena in collisionless 
stellar streams (in the absence of rotation and magnetic field) have recently been studied by Sweet 
(Reference 7). 

The purpose of the present paper is to present a unified treatment of two- stream instability 
for general perturbations for ionized streams or self -gravitating streams of unionized gas including 
the effect of a uniform rotation and prevailing uniform interstellar magnetic field. We shall make 
use of the moment equations for a warm, collisionless plasma. These equations will naturally 
preclude phenomena like Landau damping. The results obtained, though exact for cold configurations, 
would, it is hoped, represent reasonably well the situations including thermal effects. 


♦On leave from the Department of Physics and Astrophysics, University of Delhi, India. 
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INITIAL STATE 


Consider the two unbounded, homogeneous, plasma streams interpenetrating with equal and 
opposite speeds u 0 , -u 0 . The ions and electrons of either stream will be assumed to move together 
so that there is no initial electric current in either medium, and will be characterized by equal 
temperatures. The two streams will be supposed to be self- gravitating and subject to the simul- 
taneous effect of a homogeneous rotation and magnetic field. In homogeneous, isothermal streams, 
we are required, as shown below, to take the prevailing magnetic field b 0 , the rotation vector fi, 
and the streaming motion u 0 , all parallel to one another in order that the steady- state equations 
be consistently satisfied for both streams. 

The initial state is governed by the following equations with respect to a rotating frame of 
reference, 


Beam 1 


N ^/ e> - e 
1N 01 1 


_ B o xB o 
E o + — — 


2m e (u o xn) + m e VO 0 - m e nx(fixr) - 0 (electrons) . (1) 


m— VP <0 + e 
01 


-. B o xB o 
E o + 


2m i (u o xfi) + m. V4> 0 - nij fix(fix'r) - 0 (ions) . (2) 


Beam 2 


N VP/ e ) - e 
n 02 


E o~ 


B o xB o 


- 2m e (u o xn) + m e V<t 0 - m e fix(fixr) - 0 (electrons) , (3) 


and 


m— VP/ 1 ) + e 
^02 


E 0 " 


B 0 xB 0 


- 2m.(u o xfi) + m. V$ 0 - m ; Hx(f2xr) - 0 (ions) 


(4) 


V*<to = 
V-B 0 = 

and 

VxE 0 = 


- 477G^]m j N oj _ 

(5) 

0, VxB 0 = 0 , 

(6) 

0 , V-E 0 = 0 , 

(7) 


where the symbols have their usual meaning. For gravitating streams of un-ionized gas, Equa- 
tions 6 and 7 have no meaning and we have Equation 5 together with two equations selected from 
Equations 1 through 4 without the electromagnetic quantities. Setting Equations 1 and 3 equal to 
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Ill 


each other, we obtain 


^l (e) + ^eU 0 X 


n + 2 


w~ ^ 2 (e) 
0 2 


( 8 ) 


which must be satisfied for the initial state. Thus, for beams characterized by homogeneous 
pressures we must have 

= 0 (9) 

so that the three vectors U 0 , n, n j5 (Larmor frequency, ej B 0 /m j c, for j th particle (electron or ion)) 
are parallel. 

Again, for a gravitating gas stream we need to satisfy 

v$ 0 = nx(Hxr) (10) 

for each beam. This leads to the equilibrium relation 

n 2 = 2nG2] m j N oj • (11) 


U 0 x 


n+ -2 


PERTURBATION EQUATIONS 

The moment equations defining the time-dependent perturbed state of the streaming plasma 
are written as, 

+ 2m ^ ) + nij V<I> - m ^ flx(Qxr) j (12) 

= 0 , (13) 



V 2 $ - - 47TG N . 


(14) 


_d_ 

dt 


P i 


S 2 


_d_ 

dt Pj 


(15) 
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(16) 


V-B = 0 , 


VxB 


477 -> 1 d -> 477 \ ' _ 1 d 

= ^J + cdtE =z -5-2_, N J e i V J + F It E 


(17) 


Vx E - c (9t ® > 


(18) 


and 


V-E = 477^]e j N j . 


(19) 


Here 


B - B 0 + b 


E = SE , 


and 


J = J , 

$ = + <p . 


( 20 ) 


The eq uili bri um quantities are shown with a subscript 'O' and the corresponding perturbations 
axe denoted by small letters. In Equations 14, 17 and 19, summation includes ions and electrons 
for both the beams. The quantity S j stands for the characteristic sound speed ( = Yy kiym ^ 
for the j th particle. 

From Equations 17 and 18 we obtain 


W-SE - V*SE + J + SE 


0 


( 21 ) 


Assuming the perturbations to be of the form 

e i (k- r - cot) , 


( 22 ) 
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we write Equation 21 as, 


(co 2 - c 2 k 2 ) SE + c 2 k-(C-SE) + 4 tt ICO ZX Ki 3 i 


+ n i u oi 


i) = 


(23) 


The expression for n. is obtained from Equation 13 as 


N 0j k ‘ S i 
(c-k-U oj ) 


The Poisson Equation (Equation 14) yields 


(24) 


4ttgV^ m i N 0j g ' n i 

k2 Z_l K^oj) 


(25) 


The equation of motion (Equation 12) can be rewritten, using Equations 24 and 25 as 


S 2 ik k* u 

(- ic+ ik-U 0j ) u j + ^ + (fij + 2H)xn. 


47TG r V m i N oj = li L + 

ik 2 / . (co - k-U n ,) m j |_ 


U oj xb 


(26) 


Using Equation 18 we rewrite Equation 26 as 


S 2 ik k-u 


(- i^+ ik-u oj ) n + + (S, + 2n)xH j 




(27) 


Equation 23 is rewritten as, 


1 k 2 ) SE + c 2 k(k- Se) + 4 tt i co 


^/^ e j ( N 0i n i 


k-u. 


+ N n . U, 


°j °J co-k-V 


oj > 


(28) 
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Equations 27 and 28 constitute the coupled set of equations for the problem under investigation. 
Clearly, for gravitating interpenetrating streams the perturbation equation is Equation 27 with the 
right hand side set equal to zero. It may also be noted that the rotation vector occurs in the per- 
turbation equation along with the Larmor frequency term, and we can therefore speak of an ef- 
fective Larmor frequency vector, a = (H. + 2f}), in the presence of rotation. 

Let us now fix the direction of the wave number vector, k, as the x-axis and assume the par- 
allel vectors u oj and a to have two components, for generality, in the x and z directions. We may 
now eliminate SE from Equations 27 and 28 and write the final perturbation equations in component 
form as 


(<x> 2 - c 2 k 2 ) 


(a,-k*U oj )J 


4n e 
m . 




kU Ojx U jz 

(&>- k-U oj ) 


= 0 


(29) 


(a > 2 -C 2 k 2 ) 


ifa u. ~a u. ^ 

\ z J x X jZ J 


, Ujy+ (-- k -C oj ) 


477 e . 


7* E e i N oi u jy 3 0 


(30) 


and 


u. - 


°j x V jx - k * U A 


- (<u-k'U oj ) u j2 - ia x u jy + 


S 2 k 2 u. 

J JZ 


>-k*U 


oj 


- 4?7G 


+ 4 ^y N e 

/ . " _k ‘ u oj 0> 1 CJ " k ' 


u 0j 


- 0 . (31) 


Equations 29 through 31 constitute a set of twelve equations (three for electrons and three for 
ions) for both beams taken together. The summation is over both electrons and ions in the two 
beams and would thus consist of four terms. For gravitating un-ionized streams there will be, in 
all, six equations (three for each beam) with each summation having only two terms. The self- 
gravitation term occurs only in Equation 31, which on comparison with the last summation term 
reveals that the contribution from self -gravitation in an ionized gas is negligible compared to the 
contribution from the charged particles as co p 2 ^47rGN 0 m i>e independently of charged particle 
density, is always much greater than unity. Thus, so far as we are dealing with ionized streams, 
the self- gravitation effect is entirely negligible. We may, therefore, discuss the case of un-ionized 
gravitating gas separately from the ionized (plasma) streams. 

ELECTRON OSCILLATIONS IN PLASMA STREAMS 

Having seen that the self- gravitational effects are negligible so long as the plasma frequency is 
not zero, we may, for simplicity, consider the case of electron oscillations only in interpenetrating 
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plasma streams. This approximation is reasonable in view of the large mass of the ions which 
can, therefore, be regarded as unperturbed unless the frequency of oscillation is small. 

Field-Free Non-Rotating Plasma Streams 

For a configuration of interpenetrating plasma streams in the absence of magnetic field and 
rotation, it is easy to obtain the dispersion relation for electron oscillations from Equations 29 
through 31. This is written as 


(ai- k’U 0 ) 2 +k 2 S t 2 + ^ p 2 


k 2 U n 2 2 

Ox p . 


tj 2 -c 2 k 2 -/cj 2 + cj 2 ^ 

\ Pi *2} 


+ CO 


k 2 IL 


1 - 


c 2 k 2 


{< 


- - C-tTo) 2 +k2 S l 2 + w 2_ c 2 k 2 

- (oj + k* U Q ) 2 + k 2 S 2 2 + ^ 2 _ c2k2 _ 


2k 2 U 2 co 2 

Ox p 


« + <) 


2k 2 U 0 2 x a )p 2 


0 . (32) 


K + <) 


Here subscripts 1 and 2 refer to the two beams, and all quantities U 0 , S, and o p refer to electrons. 
For the particular case of parallel propagation (k n u 0 ), we put U 0x = 0 and obtain 

co 2 CO 2 

P 1 p 2 

(cu-k-U 0 ) 2 “k 2 S 1 2 (o>+k*U 0 ) 2 “k 2 S 2 2 1 ^ ^ 

This is the well-known dispersion relation for electrostatic instability in contrastreaming field- 
free plasmas. For identical plasma streams = co p , s x - S 2 ) the configuration is stable for 

all wave lengths of perturbation to the extent that the streaming velocity is less than the thermal 
speed. In case u 0 >S, the configuration is monotonically unstable for k < k* where k* is given by 


k* 2 - 


2w ' 


U n 2 " S 2 


(34) 


In the unstable range of wavelengths there exists a mode of maximum instability defined by, 


P 2 Z± 

/3 2 + 1 


[?1 




for S = 0 , 


(35) 
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and 


a> 2 

P 

/3 2 + 1 

2S 2 

_yS(/ 3 2 -l) 

3" p 2 



for S 

4U 0 2 



( 36 ) 


where /3 = u 0 /S. The quantities n m and k m5 respectively, denote the growth rate and the wave number 
of the mode of maximum instability. 

To see whether instability may arise when the wave propagation vector ic is inclined to the 
streaming direction, let us consider the particular case of transverse propagation k± u 0 . For this 
case we put k*U 0 = 0 in Equation 32 and obtain for identical interpenetrating plasma streams, the 
dispersion relation as, 


cl> 4 - CO 2 (c 2 + S 2 ) k 2 + 2oj p 2 J + k 2 s 2 (c 2 k 2 + 2 co 2 ) - 2k 2 U Q 2 x o; p 2 - 0 (37) 

Equation 37 shows that the configuration of field-free plasma streams are unstable monotonically 
for propagation normal to the streaming if the following inequality, 


k < 


2- p 2 K 2 -S 2 ) 

S 2 c 2 


(38) 


is satisfied. 

Clearly, the streams characterized by u o <S are stable as was the case for k ii u 0 . For a pressure- 
less configuration (cold streams) it may be noted that there is instability for all wavelengths 
transverse to streaming motion. Thus, even those wavelengths which were stable for the wave 
vector along streaming are, strictly speaking, unstable when they propagate normal to the streaming 
direction. We conclude, therefore, that cold interpenetrating streams are, in general, unstable for 
all values of k. Again there also exists a mode of maximum instability in this case, defined by 


2 oj p 2 (U Q 2 - S 2 ) - 2k 2 c 2 S 2 
S 2 + c 2 

2co 2 U 2 

= - 2 - - for S - 0 , (39) 

c 
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and 



2"p 2 ( U Q- S ) 

c 2 s 


for S “* 0 . 


(40) 


The electromagnetic instability (ki u o ) is characterized by a very small growth rate and so 
should be masked by the electrostatic instability when both are simultaneously present. It should, 
however, be possible to observe k 1 u o instability by a proper choice of plasma dimensions, thus 
getting rid of the electrostatic instability. 


Plasma Streams with Field and Rotation 

When the interpenetration of plasma streams takes place along the direction of external uni- 
form magnetic field, the results are well-known for the case of parallel propagation, i.e., k n U Q . 
We may recapitulate by noting that the longitudinal oscillations (involving the perturbation velocity 
component parallel to the magnetic field) are unaffected by the presence of the magnetic field, 
leading to the same dispersion equation as Equation 33. In addition to a longitudinal mode, we 
obtain a mixed transverse mode in the presence of a uniform magnetic field, the results for which 
are also well-known (Reference 8). 

Let us now investigate in particular the case of propagation normal to the streaming motion 
( k i u 0 ) in the presence of a uniform magnetic field (and/or rotation). After some simplifications 
on Equations 29, 30, and 31 we obtain the dispersion relation as 
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For identical plasma streams Equation 41 leads to 


co 4 - Cl) 2 £k 2 (c 2 + S 2 ) + a x 2 + 2^ p 2 J + ( k 2 S 2 + a x 2 ) (c 2 k 2 + 2o; p 2 ) “ 2k 2 U 0 2 o> p 2 - 0 . (42) 

Equation 42 shows that the overstability (growing wave instability) is absent, but that the con- 
figuration of cold plasmas is monotonically unstable if the wave number of transverse perturbation 
exceeds a certain critical value given by, 


k* 



(43) 


Thus contrastreaming cold plasmas are completely stabilized by a sufficiently strong pre- 
vailing magnetic field (or rotation) defined by , 


a 


* 

X 


vHu 0x 

c 


(44) 


For warm plasma streams we conclude that there is no overstability possible and that the con- 
figuration is stable for all values of k when u 0 < S, or the field is stronger than that defined by, 


^-p(Uo-S) 


(45) 


in the case where U 0 > S. The configuration shows monotonic instability only in the case where 
a x 2 < 2cUp (u 0 - S) 2 / c 2 for a range of wave numbers defined by, 


2c 2 S 2 k 1 % = [a 



1 

8a> p 2 c 2 S 2 

rl 

[a x 2 c 2 -2 % 2 (U 0 2 -S 2 )] 

n 

[ [a, 2c2 -^ p 2 K, 2 -S 2 )] 2 J 

i 


(46) 


GRAVITATING STREAMS WITH ROTATION 

For interpenetrating streams of un-ionized gas characterized by self-gravitation, Equation 27 
is relevant with its right-hand side set equal to zero. The summation is over the particles (or stars 
in stellar streams) constituting the two streams. The dispersion relation, as obtained by simplifying 
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Equation 27, is finally written as, 


(co - k-U 0 ) 2 



(co-k-U 0 ) 2 - a/ 



+ 477-Gm 1 N 01 


1 + 


m 2 N 02 j 

N 01 S 


k 2 Sj 2 


k 2 S 2 2 


~ { co ~ k-U 0 ) 2 + 
- (oj + k • U Q ) 2 + 


a x (^- g -U 0 ) 2 

(„-k-U 0 j 2 -a^_ 

a x 

(o> + k-U 0 ) 2 -a z 2 > 


(47) 


To digress, let us consider for the general dispersion equation (Equation 47), the special cases 
of parallel propagation (k n u 0 n fi ) and perpendicular propagation (k i u 0 , n). 

Parallel Propagation (kn U 0 ) 

In this case a x = 0, and the dispersion relation (Equation 47) yields 


(oj 2 “ k 2 U Q 2 ] 2 - k 2 S 2 (o>+ ku 0 ) 2 - k 2 S 2 2 (o;-kU 0 ) 2 + k 4 Sj 2 S 2 2 

= 0 (48) 

which is a fourth degree polynomial in co, the parameter deciding the question of stability of the 
configuration. For streams of identical stellar masses and number densities and having the same 
thermal velocities, Equation 48 reduces to 


+ 477GIT1J N 01 


m 2 N 02 . 

1 + — w— ) + 2oJW n 


'i N oi 


m N n9 


i + 


^2 ^02 

m i N 0 , 


■k 2 ( Sl 2 + S 2 2 ) 


w 4 - 2c^ 2 [k 2 (u 0 2 + S 2 ) - 47TGmN 0 ] + k 2 (u 0 2 - S 2 ) [k 2 (u 0 2 -s 2 ) + 87TGmN 0 ] = 0 


(49) 


This expression, independent of rotation, reduces to the well-known Jeans criterion for fragmenta- 
tion of interstellar gas for the case, U 0 =0. The analysis of Equation 49 reveals that two inter- 
penetrating gravitating streams do not show any overstability if u 0 < S. In this case the configuration 
is monotonic ally unstable for 


k 2 


87tG m N Q 

< (s 2 -u 0 2 ) 


(50) 
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and stable for 


877Gm N Q 


The significance of this result (Equation 50) is in the modification of the Jeans criterion for 
fragmentation due to the interpenetrating interstellar clouds. The classical Jeans theory (u 0 = 0) 
led to a critical size so large that it is impossible for stars to be formed with masses less than 
about 500 times the solar mass. This prompted various workers (Reference 9) to think of some 
operative mechanisms which could result in star condensations of much smaller masses. In Equa- 
tion 50 we find that the critical wavelength, K* (= 2rr/k*) , (above which there is monotonic instabil- 
ity) is reduced by the presence of interpenetrating speeds and goes down to zero for u 0 = S. The 
interstellar medium is by no means quiescent and such interpenetrating speeds are quite likely to 
occur. We may, therefore, surmise that the essential condition for monotonic instability (u 0 < S ) 
is likely to be satisfied in various regions of interstellar gas and would thus play a part in frag- 
mentations leading to star formation of much smaller masses than given by the classical Jeans 
theory. Similar results were obtained by Sweet (Reference 7) although the question of whether 
instability would lead to fragmentation or only to a conversion of the initial streaming energy to 
disordered energy till the linearized theory breaks down is still open. 

Again the streaming motion may exceed the thermal velocities (~1 km/sec.) for the inter- 
stellar conditions. In that case Equation 49 predicts a growing wave instability (over stability) for 
a range of wave numbers given by, 


k 2 
K 1,2 



(51) 


If we neglect the thermal effects altogether, the corresponding conditions for instability to 
appear are, 


k 2 


> 


7tG m N 0 


(overstability) 


and 


k 2 < 


7?G m N 0 


(monotonic instability) . 


(52) 


Thus, we may say that for cold gravitating stellar systems, the situation is unstable 
for all relative streaming: through overstability for high values of streaming velocities 
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(or wave number for a given U Q ) and through monotonic increase of amplitude for slow 
streaming. 


Perpendicular Propagation (k-tU 0 ) 

In this case k-u 0 = 0, and the dispersion relation (Equation 47) gives 
OJ* - a? [2a x 2 +k 2 (S 1 2 + S 2 2 )-47TG(m 1 N 01 +m 2 N 02 )] + a x 2 [a x 2 + k 2 (Sj 2 + S 2 2 ) - 4^G (n^ N 01 +m 2 N 02 )] 

+ k 4 S 1 2 S 2 2 -4rrG(m 1 N 01 S 2 2 +m 2 N 02 S 1 2 ) = 0. (53) 

This equation for identical gravitating streams leads to 


{co 2 -k 2 s 2 - 4n 2 ) [w 2 - (k 2 s 2 + 4fi 2 ~ 87TGmN 0 )] = 


(54) 


With equilibrium rotation as defined by Equation 11, Equation 54 gives two stable modes. 

ACKNOWLEDGMENTS 

This work was done while the author held a Senior Resident Research Associateship of the 
National Academy of Sciences —National Research Council. 

(Manuscript received May 3, 1965) 


REFERENCES 

1. Haeff, A. V., T ’The Electron-Wave Tube,” Inst. Radio Engrs. Proc . 37(1):4-10, January 1949. 

2. Pierce, J. R., "Possible Fluctuations in Electron Streams due to Ions," J. Appl . Phys . 
19(3):231-236, March 1948. 

3. Kahn, F. D., "Collision of Two Ionized Streams," J. Fluid Mechanics 2(Pt. 6):601-6i5, August 1957. 

4. Parker, E. N., "Suprathermal Particles. III. Electrons," Phys . Rev . 112(5):1429-1435, Decem- 
ber 1, 1958. 

5. Buneman, O., "Dissipation of Currents in Ionized Media,” Phys . Rev . 115(3):503-517, August 1, 
1959. 


13 



6. Jackson, E. A., M Drift Instabilities in a Maxwellian Plasma," Pkys. Fluids 3(5):786-792, 
September -October 1960. 

7. Sweet, P. A., "Cooperative Phenomena in Stellar Dynamics," Month . Not. Roy . Astron. Soc. 
125(3-4):285-306, 1963. 

8. Bernstein, I. B., and Trehan, S. K., "Plasma Oscillations (I)," Nuclear Fusion 1(1):3-41, 
September 1960. 

9. Chandrasekhar, S., Hydrodynamic and Hydromagnetic Stability, Oxford: Clarendon Press, 
1961, pp. 503. 


14 


NASA- Langley, 1965 


"The aeronautical and space activities of the United States shall he 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof ” 

— National Aeronautics and Space Act of 1958 


NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and technical information considered 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: Information less broad in scope but nevertheless 

of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 

bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 

nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 

language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 

and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Information derived from or of value to 

NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington D.C. 20546 


